This study investigated the effects of flaxseed and vitamin E on diabetic nephropathy lesions in an experimental-induced model of diabetes in hamsters. Diabetes was induced by intraperitoneal injection of streptozotocin (STZ) in male Golden Syrian hamsters, and diabetic animals were fed either standard diet, or standard diet supplemented with flaxseed (150 g/kg diet), vitamin E (400 mg α-tocopherol/kg diet) or combination of flaxseed and vitamin E in the same dosages, for 20 weeks. Kidney histological evaluation of the diabetic hamsters revealed histological lesions characteristic for diabetic nephropathy, while supplementation of the diet with flaxseed and/or vitamin E improved histological aspects of diabetic nephropathy.
Diabetic nephropathy (DN) is a chronic complication of diabetes mellitus (DM) and one of the leading causes of end-stage renal disease. Numerous studies demonstrated that oxidative stress contributes to the development and progression of chronic diabetic complications [1, 2] . It is presumed that ameliorating oxidative stress through supplementation with antioxidants might be an effective strategy to reduce these disorders. Dietary supplementation with antioxidants may be useful in maintaining a desirable pro oxidative/antioxidative balance [3] , a variety of dietary sources from plants being currently of considerable interest, related to their potential health benefits in many diseases, including chronic diabetic complications [4] .
Flaxseed (linseed or Linum usitatissimum) has been recognised as a functional food, due to its nutrient components and its demonstrated potential to prevent cardiovascular diseases [5, 6] . Flaxseed is one of the richest source of n-3 polyunsaturated fatty acids (n-3 PUFA) -mainly alpha-linolenic acid (ALA; ~22% of whole flaxseed), lignans (secoisolariciresinoldiglucoside -SDG), being also an essential source of dietary fibers and proteins [7] . The lignan SDG has significant antioxidant effects by inhibiting DNA scissions, lipid peroxidation and decreasing reactive oxygen species (ROS), protecting PUFA from oxidation [8] . Despite beneficial effects of SDG and n-3 PUFA, it was shown that flaxseed consumption can reduce á and ã tocopherol concentrations in rats [9] and only vitamin E supplementation restored its plasmatic concentrations [10] . In clinical and experimental studies, vitamin E supplementation demonstrated an important role in delaying the onset and progression of diabetic complications, by increasing levels of antioxidant enzymes (superoxiddismutase -SOD, glutathionperoxidase -GSH Px) [11] . However, there are no data regarding the effects of adding vitamin E to flaxseed enriched diet on oxidative stress-induced DN.
In the present study, by hypothesizing that vitamin E supplementation could increase antioxidant protection of *email: rvlupusoru@yahoo.com flaxseed, we investigated the effects of dietary flaxseed, vitamin E and their combination on DN lesions in an experimental-induced model of DM in hamsters, by examining serum and renal oxidative stress, proteinuria and kidney histopathological changes.
Experimental part Animals and diets
In this study were used six-months old male Golden Syrian hamsters, purchased from the Cantacuzino National Institute for Research and Development in Microbiology and Immunology (Bucharest, Romania). The experiment respected the instructions of the general guidelines for the care and use of laboratory animals, recommended by the Council of European Communities [12] . All experimental procedures were approved by the Laboratory Animal Care Committee of the University of Medicine and Pharmacy Gr. T. Popa Iasi, Romania.
Throughout the experiment, the animals were housed in standard laboratory conditions, in a room with controlled temperature (21 ± 2 o C), with 12 h light/12 h dark cycle. Hamsters were kept singly into mesh cages made of stainless steel, with an appropriate size, provided with continuous manure cleaning with water and proper ventilation.
Diabetes was induced in overnight fasted hamsters using streptozotocin (STZ; catalog no. S0130; SigmaAldrich, St. Louis, MO, USA), freshly solved in citrate buffer (50 mM, pH 4.5) and administered intraperitoneally, in a single dose of 50 mg/kg body weight. Citrate buffer (50 mM) was prepared from sodium citrate and citric acid (C.S. Chemical Company, Romania) solved in distilled water, with adjusted pH to 4.5. The day after STZ injection, hamsters with fasting blood glucose over 126 mg/dL (7 mmol/L) were considered diabetics. The control hamsters (C) received equivalent amounts of citrate buffer 50 mM, intraperitoneally too.
The control (C) and diabetic (DM) hamsters received the diets for a 20-weeks period, as follows: 1) groups C (n=6) and DM (n=10) received standard diet; 2) DM + Linum group (n=10) received standard diet supplemented with ground flaxseed (Linum usitatissimum; 15g /100 g of food); 3) DM + E group (n=11) received standard diet supplemented with vitamin E (40 mg á-tocopherol/100g of food; Sigma-Aldrich); 4) DM + Linum + E (n=11) group received standard diet supplemented with flaxseed (15 g%) and vitamin E (40 mg α-tocopherol/100g food). Flaxseed of the Olin variety was provided by the Department of Phytotechny, Faculty of Agronomy (Iasi, Romania).
All four diets had similar carbohydrate, total fiber, protein, and fat contents (table 1) .
Animal necropsy and processing of samples
At the end of the experiment, animals were placed in metabolic cages and timed-urine collections (24 h ) were made with the hamsters in the fasting state. After collections, the hamsters were anaesthetized with an intraperitoneal injection of a mixture of Ketamine, dosage of 15 mg/kg bodyweight (Romvac, Romania) and Xylazine, dosage of 10 mg/kg bodyweight (Hipervet, Romania), followed by opening the chest and collecting the blood by cardiac puncture. Blood samples were collected and serum was separated by centrifugation at 3000 rot/min, for 20 minutes at 4°C. Aliquots of serum were frozen and kept at -80ÚC for subsequent analysis.
The kidneys were dissected free of fat, immediately removed and rinsed with ice-cold phosphate buffer saline (pH 7.2). Fragments of kidneys were placed in a sealed container, homogenized for oxidative stress parameters analysis and stored at -20 o C until analyzed. Also, fragments of kidneys were used for histopathological examination.
Metabolic and biochemical parameters
The level of serum glucose was measured by enzymatic colorimetric methods, on Tecan microplate reader (Tecan SunriseTM Touchscreen, Männedorf, Switzerland), using the AD1A716 commercially available kits (Audit Diagnostics, Cork, Ireland). Urinary protein excretion was measured by Bradford method [13] .
Serum and renal thiobarbituric acid reactive substances (TBARS), as indexes of oxidative stress, were determined using the method adapted after Phelps and Harris [14] . TBARS levels were measured using TECAN microplate reader (Tecan SunriseTM Touchscreen, Männedorf, Switzerland), at a wavelength of 540 nm.
Renal antioxidative capacity in DM was investigated by the levels of superoxiddismutase (SOD) and reduced glutathione (GSH) in kidney homogenate. Renal levels of GSH were determined by an enzymatic method, based on the oxidation of GSH by 5,5' dithiobis(2 nitrobenzoic acid) (DTNB), in the presence of GSH reductase and NADPH 2 , measured at a wavelength of 405 nm [15] . Renal SOD levels were measured with the method adapted by Minami and Yoshikawa [16] . Renal concentrations of proteins were determined by Bradford assay, using Bradford reagent (Sigma, code B6916) and bovine serum albumin (Fluka, code 05481) (adapted after 13).
Morphological study of kidneys
Kidneys were processed for histological examination (formalin-fixed renal tissue was processed for paraffin embedding and the samples were cut into 4-6 µm) and stained with hematoxylin-eosin (HE) and periodic acid Schiff 's (PAS) stain (Bioptica Milano SpA, Milan, Italy). Hematoxylin stains the cell nuclei in blue, whereas eosin stains eosinophilic structures in various shades of red. PAS stains the nuclei in blue and glycogen deposits in magenta. 
Statistical analysis
Data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using the Student's t test and Bonferroni's multiple comparison test (Statistical Software Package SPSS®, version 13, SPSS Inc., Chicago, IL, USA). Unpaired Student's t-tests were performed to determine whether there were significant differences between groups (p<0.05).
Results and discussions

Serum glucose levels
Supplementation of the diet with flaxseed and combination flaxseed+vitamin E significantly decreased glycemia in DM groups compared to unsupplemented diabetic group (table 2) .
Proteinuria levels DM was associated with significant increase in urinary concentrations of proteins compared to control group, representing a marker of DN. Supplementation of the diet with flaxseed and/or vitamin E had beneficial effects, significantly decreasing proteinuria (table 2).
Parameters of oxidative stress
Our main results regarding oxidative stress parameters are summarized in table 3.In DM groups, serum and renal TBARS were increased compared to C group, as markers of oxidative stress. The levels of these markers significantly decreased by the addition of flaxseed or vitamin E, while combined flaxseed + vitamin E diet induced a more significant decrease of these parameters. The renal SOD and GSH significantly increased by the addition of combined flaxseed + vitamin E diet, with the highest values compared to single flaxseed or vitamin E supplementation.
Histological changes in renal tissues
In control group, histological exam of the kidneys with H-E staining revealed normal glomerular morphology, permeable capillaries, thin capillary wall, free Bowman space and intact Bowman's capsule ( fig.1A) , while in diabetic group with standard diet, histological evaluation (HE and PAS) revealed changes characteristic for DN, consisting of increase of glomerular size, active mesangial cells and PAS positive mesangial deposits, thickening of the basal capillary membranes; the capillary lumens could not be seen, being reduced, filled with erythrocytes ( fig.1B) .
Supplementation of the diet with lignans and n3 PUFA from flaxseed and/or vitamin E improved the histological aspects of DN, microscopic exam revealing reduction of PAS positive neutral mucopolysacharides (MPS) deposits, glomerules with visible, permeable capillary lumens ( fig.2A ), less thickened glomerular capillary membrane ( fig. 2B, 3 ). Hyperglycemia in DM leads to increased oxidative stress and decreased antioxidant defense, oxidative stress being the main cause of DN [1] . In the present study, we investigated the antioxidative effects of dietar y supplementation with flaxseed, α tocopherol and their combination on an animal model of DM. We used 15% flaxseed diet supplementation in hamsters, similar in energetic load to 40 g/day dosage used in human trials, corresponding to approximately 10% of total energy intake [17] .
Flaxseed has been investigated in experimental and clinical studies for its potential role in preventing cardiovascular diseases. The use of whole grain flaxseed significantly reduced reactive oxygen species generation, mainly due to the lignan SDG and its metabolites, enterodiol A b
and enterolactone [4] . Few studies have been conducted to evaluate the effects of dietary supplementation with flaxseed on DN, regarding the relationship between oxidative stress, antioxidative protection and renal histopathological changes [18] . Concerns were also raised regarding the supposition that diet supplementation with flaxseed could decrease plasma vitamin E in rats [9] . Our study confirmed previous studies upholding that DM increased oxidative stress, expressed as serum and renal TBARS (measured in kidney homogenate) [2] . The lipid peroxides formed under diabetic conditions have been counteracted by dietary inclusion of flaxseed, vitamin E or their combination, the highest decrease of serum TBARS being determined by combined flaxseed+vitamin E diet, suggesting the strong antioxidant capacity of this association. Renal lipid peroxidation was significantly dimin-ished by supplementation of the diet with flaxseed or α tocopherol alone, while combination flaxseed +vitamin E further significantly decreased renal TBARS.
Increased oxidative stress is associated with histological renal changes of DN [19, 20] . Recent clinical studies investigated the relationship between oxidative stress and antioxidant system in diabetic conditions, showing significant correlations between the extent of microalbuminuria and markers of oxidative stress [21] . All three diets in our study had protective effects on DN, suggested by the improvement of histological lesions and decreased renal TBARS levels compared with unsupplemented diabetic group. Also, combined flaxseed+vitamin E diet had a better effect on antioxidant protection in diabetic conditions, as shown by the raise of SOD and GSH in renal homogenate. The combined supplementation was also associated with a more significant decrease in plasma glucose levels and urinary protein excretion in diabetic animals, indicating that the renal protective effects were in concordance with glycemic control.
The results of this experimental study suggest that higher antioxidant effects of flaxseed associated with vitamin E are determined by their synergic actions. Flaxseed has antioxidant properties through its content in lignans, mainly SDG, demonstrated by inhibition of lipid peroxidation or by direct hydroxyl radical scavenging activity [4, 22] . There are few experimental studies suggesting that dietary flaxseed has protective effects on the kidneys in animal models of chronic renal disease. Thus, in a study on obese rats, dietary protein substitution with flaxseed meal reduced proteinuria, glomerular and tubulointerstitial lesions and flaxseed meal was more effective than soy protein in reducing proteinuria and renal histologic abnormalities [18] .
Conclusions
To our knowledge, the present study is the first one which demonstrates that the combined flaxseed+vitamin E diet had beneficial effects on histological lesions of DN, associated with changes in metabolic parameters, significant reduced glucose concentrations, urinary protein excretion and renal oxidative stress. Thus, concerns that flaxseed supplementation of the diet could decrease vitamin E actions were not confirmed by this study, showing that the combination of flaxseed and vitamin E could be better for renal protection in DM, by decreased oxidative stress and increased antioxidant protection in renal homogenate, these results being in concordance with improvement of glycemic control and reducing of urinary protein excretion.
